The detection of mutagenic and carcinogenic chlorination by-products in chlorinated drinking water has raised concern in many countries over the potential hearth effects of long-term exposure to these products. The relation between estimated exposure to historical drinking water mutagenicity and cancer was studied in Finland by using a population-based case-control study comprising 732 bladder cancer cases, 703 kidney cancer cases, and 914 controls. The cases were obtained from the nationwide Finnish Cancer Registry for the years 1991-1992. The controls, frequency matched by age and sex, were randomly selected from the national population registry. Information on past drinking water sources and confounding factors was acquired through a questionnaire. Historical exposure to drinking water mutagenicity was estimated by using information on past residence, past water source, and historical data on water quality and treatment. Odds ratios were calculated for an increase of 3,000 net revertants per liter (net rev/liter) in average exposure from 1950 to 1987, adjusting for age, sex, socioeconomic status, and smoking in logistic regression models. A small, statistically significant, exposure-related excess risk was found for kidney cancer for men (odds ratio = 1.49, 95 percent confidence interval (Cl) 1.05-2.13) for 3,000 net rev/liter exposure level. For women, the association remained nonsignificant, with a lower odds ratio of 1.08 (95% Cl 0.69-1.68). For bladder cancer, the odds ratio for both men and women was 1.22 (95% Cl 0.92-1.62) for 3,000 net rev/liter exposure. However, a higher odds ratio of 2.59 (95% Cl 1.13-5.94) for 3,000 net rev/liter exposure was observed for male nonsmokers. Am J Epidemiol 1998; 148:704-12.
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bladder neoplasms; case-control studies; chlorine; kidney neoplasms; neoplasms; water supply Chlorination is of crucial importance for the microbiologic safety of drinking water. However, chlorination of water rich in organic material also produces a complex mixture of organochlorine by-products, including carcinogenic and/or mutagenic compounds (1, 2) . The formation of chlorination by-products depends on raw water quality and chlorination practices. High levels of mutagenicity have been detected in Finland due to chlorination of surface waters rich in humic material. The large differences in mutagenicity of Finnish drinking waters provide necessary variation in exposure needed to detect small environmental risks.
Epidemiologic studies have suggested an association between chlorinated drinking water and cancers of the gastrointestinal and urinary tract, but the evidence of such a causal relation has remained insufficient (3-6). Trihalomethanes were a major concern in earlier studies of cancer using quantitative estimates of exposure to chlorination by-products (7-9). Among the current major concerns are the brominated trihalomethanes and haloacetates (3, 4, 10) . The detection of a highly mutagenic compound (3-chloro-4-(dicWcnx)rnethyl>5-hydroxy-2(5H)-ftiranone), termed MX, has drawn attention to the potential carcinogenic impacts of mutagenic compounds in chlorinated drinking waters. MX has been detected widely in Finnish chlorinated drinking waters (11) and also in drinking water in Great Britain (12) , Japan (13) , and the United States (14) . The concentration of MX correlates well with the degree of measured mutagenicities (15) . MX is a very potent bacterial mutagen (16) and genotoxic compound in laboratory animals (17) . It has also been shown to be carcinogenic in rats (18) . Pharmacokinetic and toxicologic studies have indicated that the urinary tract might be the potential target for carcinogenic effects of MX (19, 20) .
In this case-control study, our aim was to assess the relation between the estimated historical exposure to drinking water mutagenicity and the risk of kidney and bladder cancers by using estimates of historical exposures to drinking water mutagenicity based on actual historical information about water treatment and individual-level information on past residences, past water sources, occupations, and lifestyle.
MATERIALS AND METHODS
We included in our study all of the 2,433 incident and histologically confirmed bladder and kidney cancer cases (International Classification of Diseases, Seventh Edition, codes 180 and 181) for whom a contact address was acquired or, in the case of those who were deceased, those for whom a contact address of a spouse or close relative (child/mother/father/ sister/brother) could be acquired. The contact addresses were obtained from the Central Population Registry after receiving a permission by the treating hospital. The cancer cases were diagnosed in 1991-1992 and reported before December 1993 to the nationwide Finnish Cancer Registry. Randomly selected, living controls were frequency matched by sex and 5-year age group and were obtained from the nationwide Central Population Registry, which covers the total population in Finland. This ensured that the source population from which the controls were randomly selected was the same as that from which the cases were derived.
A questionnaire was sent to 4,134 persons, of whom 1,721 were living cases, 699 were close relatives of cases who had died before January 1994, and 1,714 were controls. Informed consent was requested in the questionnaire. Altogether, 2,861 persons (69 percent) responded. However, sufficient information on residential history, smoking, and occupation was ascertained from only 2,812 persons (68 percent) ( Information on previous water sources for and addresses of the participants was obtained through the questionnaire. Further information on water-pipe connections and past drinking water quality and treatment practices by waterworks was obtained from administrative registers and municipal waterworks. The level of mutagenicity was estimated by an equation giving the level of mutagenicity in net revertants per liter (net rev/liter) on the basis of information on raw water quality (e.g., permanganate consumption, pH, and color) and water treatment practices (21, 22) . This equation was based on a previous survey in the study area using actual measured mutagenicities in waterworks (21, 22) . The equation used was the following (21):
Mutagenicity in TA 100 Salmonella typhimurium
In the equation, the mutagenicity is measured in net revertants per liter of water by using standard procedures (23) . The TA 100 5. typhimurium is the Ames mutagenicity tester strain; A and k are constants; and c is a water quality parameter dependent on total organic carbon, chlorine dose, and ammonia concentration. The r refers to water quality parameters in raw water and the t to water-quality parameters after treatment. The parameter c can be calculated on the basis of routinely collected information on water quality and treatment practices, and thus, actual historical values could be used in the estimation of past mutagenicity.
Exposure to mutagenicity was estimated for each * In the group "not classifiable'' were included housewives (other than farmers), long-term pensioners, and those who did not report their occupational status, t Net rev/liter, net revertantsiiter.
person for 5-year periods for 1950-1987. Information on past water sources was acquired from the questionnaire and combined with information from the waterworks on water supply connections, raw water quality, and water treatment practices in past years to calculate the individual estimates of historical exposure to drinking water mutagenicity. Mutagenicity was studied both as a continuous variable for the average exposure from 1950 to 1987 (odds ratios calculated in accordance with our previous studies per 3,000 net rev/liter) and as a categorical variable according to approximate tertiles of estimated mutagenicity levels for cases and controls (no exposure and 1-999, 1,000-2,499, and >2,500 net rev/liter). In addition, timedependent variables for exposure were used, such as estimated cumulative exposure and years of exposure to estimated level of 3,000 net rev/hter or more. The latter variable was created to provide an estimate comparable with those used in studies in which exposure has been measured in years within chlorinated surface water supply. Information on confounding factors was gathered through the questionnaire, including data on smoking, lifetime occupations and occupational exposures, current and previous intake of water, intake of coffee and other beverages, medication during the previous 10 years, weight, height, and past urinary tract illnesses (infections and urolithiasis). Occupational exposures were inquired about, with specific reference to chemical, leather, dyeing, printing, and graphic industries. Smoking status was divided into four categories (nonsmoker, past smoker, and present smoker of 1-19 or 20 or more cigarettes per day). Social class was assessed on the basis of lifetime occupational career and grouped according to the standard social class categorization of Statistics Finland. A specific categorical variable was constructed for urbanization measured by living for more than 5 years in one of the three major cities (Helsinki, Tampere, or Turku). Consumption of beverages was assessed according to the reported amount of daily beverages in the late 1980s, reported mealtime beverage, and consumption of coffee and tea in the 1950s, 1960s, and 1970s.
Statistical analysis for both cancer sites was conducted by gender using logistic regression models (24) . The continuous variable for exposure explained the variation in the data better than did the categorical variable and was thus used in the majority of the final analyses. To ensure that the estimated average exposure measures quantitative exposure in a comparable way, only individuals with at least 30 years of existing exposure information from 1950 to 1987 were included in the final analysis. Odds ratios were estimated for a 3,000 net rev/liter increase in average exposure from 1950 to 1987, adjusting for age, sex, socioeconomic status, and smoking (24) . Population attributable risks were calculated for the continuous variable of estimated exposure to mutagenicity in a way analogous to that for exposures with linear response (25) . Model-based relative risks (u), u = exp(fem), where m is the estimated mutagenicity level and b the regression coefficient due to mutagenicity, were calculated for each control, taking into account the distribution of estimated mutagenicities among controls. The population-attributable risk of estimated historical mutagenicity can then be expressed by u, the population mean of these relative risks, using the formula (u -\)lu.
Since some relevant confounding factors in this study were assumed to be associated with occupation, living in the three main cities (urbanicity), other urinary tract diseases, and smoking, additional stratified analyses were conducted without these variables. Socioeconomic status, age, and smoking were used as categorical variables in the control for confounding.
RESULTS
In bladder cancer, the odds ratios for both genders remained small and statistically nonsignificant after control for confounding. The odds ratio was 1.22 (95 percent confidence interval (CI) 0.92-1.62) for both genders combined for a 3,000 net rev/liter increase in average exposure level for those with at least 30 years of estimable exposure history and was slightly lower for the same increase when all persons were included in the analysis (table 3). The inclusion of variables for beverage use, urbanicity, medication, or urinary tract illnesses did not materially change the estimates.
For kidney cancer, the odds ratio for both genders (table 3) . The inclusion of variables for beverage use, weight, medication, urbanicity, or urinary tract illnesses in the model did not change the estimates to any larger extent for men. However, for women, a statistically significant interaction between urinary tract illnesses and exposure was observed. In the stratified analysis, the odds ratio for women was 1.68 (95 percent CI 0.85-3.30) for a 3,000 net rev/liter increase in average exposure after adjustment for age, socioeconomic status, and smoking for those with no urinary tract diseases and 30 years or more of estimable exposure history (table 4) .
The use of a categorical variable for the estimated historical drinking water mutagenicity tertiles resulted in estimates similar to those of analyses using continuous variables (table 5) . When odds ratios were based on lifetime years of exposure, higher risk estimates were observed than in earlier results based on average exposure (table 6) .
In both cancers, the addition of a variable for any known occupational exposure did not materially change the estimated risks. When those with occupational exposure were omitted from the analysis, slightly higher odds ratios could be seen in both cancers, and odds ratios of 1.34 (95 percent CI 1.00-1.79) for bladder cancer and 1.42 (95 percent CI 1.07-1.88) for kidney cancer per 3,000 net rev/liter increase in average exposure increase were observed for both genders combined for those with 30 years or more of estimable exposure history. In the analysis by specific groups, a substantially higher and statistically significant odds ratio of 2.59 (95 percent CI 1.13-5.94) for a 3,000 net rev/liter increase in average exposure was observed for nonsmoking men with 30 years or more of estimable exposure history (table 4). The observed odds ratios did not change substantially for men in other "less confounded" categories. For women, the observed odds ratios became slightly higher when analyzed by less confounded categories, but remained statistically nonsignificant. The present and past intakes of drinking water were not statistically significant • Net rev/liter, net revertants/Dter; OR, odds ratio; CI, confidence interval. f AD analyses have been adjusted for age and socioeconomic status and analyses by urbanicity and reported urinary tract illnesses for smoking as well. • net rev/liter, net revertants/liter; OR, odds ratio; Cl, confidence interval. t Odds ratios have been estimated for a categorical variable and for a continuous variable for 30 years of estimated exposure. Age, soctoeconomic status, and smoking have been adjusted for in the analysis.
$ Continuous variable for exposure-years, odds ratio calculated for 30 years of estimated exposure.
risk factors and did not have a statistically significant interaction with estimated levels of mutagenicity. The population attributable risks were estimated on the basis of main results and odds ratios of 1.31 (95 percent Cl 1.00-1.74) in kidney cancer and 1.22 (95 percent Cl 0.95-1.65) in bladder cancer. These odds ratios would indicate respective attributable proportions of 9 percent for kidney cancer and 6 percent for bladder cancer. When the 95 percent confidence intervals are taken into account, the lowest attributable proportion in both cancers would be zero, and the highest would be 17 percent for kidney cancer and 14 percent for bladder cancer.
DISCUSSION
Our results have shown a small excess risk with exposure-response of kidney and bladder cancers associated with estimated historical exposure to drinking water mutagenicity. The observed excess risks are supported by the results from earlier ecologic and cohort studies in Finland that focused on cancer in 56 towns during earlier time periods (26, 27) . Several previous epidemiologic studies suggest a small excess risk in bladder cancer due to exposure to chlorination by-products (5, 8, 9, 28, 29) , and the observed associations in bladder cancer are in line with a metaanalysis conducted on chlorination by-products and cancer (5) .
The association between estimated historical mutagenicity and cancer was strongest and most consistent for kidney cancer in men. A recent Canadian study reported an exposure-response relation between exposure to trihalomethanes and bladder cancer (8) . To our knowledge, our study is the first to report an exposureresponse relation between the quantitative level of drinking water chlorination by-products and kidney cancer. Previous studies have used qualitative or lessquantitative methods for exposure assessment, with negative or inconclusive results (5, 30, 31) . For bladder cancer, higher risks have been observed in previous studies on chlorination by-products after several years of exposure (28, 29) . The higher odds ratios for those with 30 years or more of exposure to 3,000 net rev/liter could indicate that our exposure period was too short to study appropriately the relation with bladder cancer and led to potential underestimation of the actual risk. On the other hand, the completeness and the quality of the exposure information prior to 1950 are not as good as in the subsequent years. The exposures were estimated for the time period 1950-1987 because most of the Finnish waterworks began chlorination in the 1940s. Moreover, exposure estimation for the years before World War II would have necessitated inclusion of former Finnish areas that are currently part of Russia.
The data were also analyzed by stratified groups to study whether the results would differ when "less" and "more" confounded groups were analyzed in two groups defined by selected expected confounding factors. In the estimation of small excess risks due to common exposures, residual confounding needs to be considered, and in the analysis by different groups, the aim was to study the direction toward which our results could be confounded. The changes in the odds ratio for women after exclusion of those with urinary tract infections could indicate that the lack of association in women may be due to confounding or effect modification. For bladder cancer, the observed odds ratios remained statistically nonsignificant. In earlier studies (8, 28) , higher odds ratios were observed for nonsmokers. However, higher odds ratios have also been reported for smokers (29) .
The target sites of kidney and bladder are supported by the pharmacokinetic and toxicologic studies of the highly mutagenic compound MX, which has recently been proven to be carcinogenic in rats (18) . However, since chlorination by-products form a complex mixture, the observed increased risk linked to the estimated historical levels of mutagenicity may also be due to other compounds produced by the same mechanism as drinking water mutagenicity and not necessarily directly to the specific mutagenic compounds or the total level of mutagenicity. While the quantity of mutagenicity correlates well with the quantity of MX, the observed concentrations of MX in drinking water have been very small in comparison with some other products, such as trichloroacetates or brominated trihalomethanes, which in recent analyses have been of more concern (32) .
The level of mutagenicity results predominantly from the water treatment practices, and the use of disinfectant (chlorine, chlorine dioxide, and chloramine) influences the level of mutagenicity. Thus, the correlation between the level of mutagenicity and other chlorination by-products is dependent upon the variation of the water treatment practices used. Chlorination by-products were not measured routinely before the 1970s, and thus, all assessments of past exposure are based on estimation. However, in this study, the estimation of past mutagenicities was based on actual historical measurements. In a previous survey conducted between 1985 and 1987 in 97 waterworks within the study area, the estimated mutagenicities correlated well with the measured mutagenicities. The correlation coefficients were 0.85-0.88 between the measured and the modeled mutagenicities (21) .
Confounding by other water-related carcinogenic exposures, such as arsene in nonmutagenic well water, is possible but should be minor and, if present, would, in principle, lead toward underestimation of the risk. The use of bottled water or other water sources was inquired about on the questionnaire and taken into account in the analyses as exposure to nonmutagenic water. In some studies, the quantity of daily water use has been employed. However, in this study, we found limited variation in water use, with over 80 percent of the respondents reporting the use of less than 1.5 liters of water per day, calculated on the basis of information on all beverages consumed.
Owing to the complete and accurate populationbased cancer registration, the validity and reliability of cancer data are good in Finland (33) . Nevertheless, the problem of nonresponse remains and needs to be considered, as observed risk ratios are small. It is prudent to assume that controls in rural areas would reply more often and be able to give a more thorough history of addresses, whereas those of the highest social class would answer less frequently than others and would more often live in urban areas with mutagenic drinking water. However, when percentages according to urban versus rural status were calculated for those who responded and those who did not, no major differences could be observed when these proportions among cases in both cancers and controls were compared by gender. To take into account the bias due to differences in response rates by socioeconomic status, we included a variable for socioeconomic status in the model. However, because of the small magnitude of the observed risks, residual confounding may still be considered to have a role in explaining the observed excess risks.
In the analysis, the number of participants in the study was reduced due to nonresponse and requirements for data availability on exposure, and thus, a risk of further bias could have been introduced. It was assumed that there was a possibility of more complete information on those with rural residential status and little exposure in comparison with those who had moved to cities or between urban areas because substantial migration from rural to urban areas has taken place in Finland since the 1950s. There were no major differences between the proportions of those of the highest socioeconomic status and those involved with agriculture between all those who responded adequately and those with 30 years or more of estimable exposure history. However, when all cases and controls were used, the odds ratios were lower and had broader confidence intervals in comparison with analyses based on only those with 30 years or more of estimable exposure history.
Information on smoking, demographic factors, socioeconomic status, occupational exposure, urban status, and history of urinary tract illnesses was used in order to take into account the potential confounding, effect modification, or different baseline risk by groups of persons. Age, gender, smoking, and socioeconomic status were included in the statistical model. Additional analyses were conducted by gender, smoking status, occupational exposure, urbanicity, and urinary tract illness history to study the potential impact of these factors on the odds ratios.
Recall bias was addressed in several ways in the study to minimize the impact of different reporting between cases and controls. The respondents were not aware of the specific research hypothesis under study, and exposure assessment was based on a combination of information on residence history and average exposure among those with at least 30 years of exposure. The use of residential water source might have led to misclassification of exposure status. This would be most substantial for those with a private well or groundwater source in a city using predominantly surface water and most probably lead toward underestimation of the risk.
Our results shed additional light on health effects of long-term exposure to chlorination by-products. They also confirm findings of earlier epidemiologic studies with an observed exposure-response relation for men between estimated level of historical exposure to drinking water mutagenicity and the risk of urinary tract cancers. However, any public health implications of our results should be interpreted with caution. Although the large exposed populations render even small, long-term excess risks important, concern over small excess risks due to chlorination by-products should never lead to compromise in microbiologic quality of drinking water.
